Bacillus brevis (Brevibacillus parabrevis) ATCC 8185 synthesizes two kinds of antibiotic peptides, cyclopeptide tyrocidine and linear gramicidin. The production of linear gramicidin can be induced by the standard method (using a skim milk medium for pre-culture and beef broth for the main culture) employed for the induction of tyrocidine. In this study, we tried to determine the optimal growth medium for B. brevis ATCC 8185 for synthesizing linear gramicidin. The yield of linear gramicidin produced by the standard method was 3.11 g/ml. When beef broth was used both as the pre-medium and the main medium, the yield of the antibiotic was only 0.59 g/ml. To confirm the influence of skim milk, the strain was grown in a 1% skim milk medium. As a result, the amount of linear gramicidin produced reached 20.3 g/ml. These findings show the importance of skim milk in the production of linear gramicidin. In the skim milk medium, the cells produced an extracellular protease 2 h before the linear gramicidin was expressed. The 1% skim milk medium pretreated by this protease did not allow the induction of linear gramicidin into the cells, and protease activity was not detected in the supernatant of the culture. When the cells were cultivated in a 1% egg albumin medium, protease activity from the supernatant of the culture was detected, but production of linear gramicidin was not observed. Therefore, a 1% casein medium was used for production of linear gramicidin. As a result, the yield of linear gramicidin produced in the medium reached 6.69 g/ml. We concluded that a digested product of the extracellular protease from casein enhances linear gramicidin production.
Bacillus brevis (Brevibacillus parabrevis) ATCC 8185 synthesizes two kinds of antibiotic peptides, cyclopeptide tyrocidine and linear gramicidin. The production of linear gramicidin can be induced by the standard method (using a skim milk medium for pre-culture and beef broth for the main culture) employed for the induction of tyrocidine. In this study, we tried to determine the optimal growth medium for B. brevis ATCC 8185 for synthesizing linear gramicidin. The yield of linear gramicidin produced by the standard method was 3.11 g/ml. When beef broth was used both as the pre-medium and the main medium, the yield of the antibiotic was only 0.59 g/ml. To confirm the influence of skim milk, the strain was grown in a 1% skim milk medium. As a result, the amount of linear gramicidin produced reached 20.3 g/ml. These findings show the importance of skim milk in the production of linear gramicidin. In the skim milk medium, the cells produced an extracellular protease 2 h before the linear gramicidin was expressed. The 1% skim milk medium pretreated by this protease did not allow the induction of linear gramicidin into the cells, and protease activity was not detected in the supernatant of the culture. When the cells were cultivated in a 1% egg albumin medium, protease activity from the supernatant of the culture was detected, but production of linear gramicidin was not observed. Therefore, a 1% casein medium was used for production of linear gramicidin. As a result, the yield of linear gramicidin produced in the medium reached 6.69 g/ml. We concluded that a digested product of the extracellular protease from casein enhances linear gramicidin production.
Key words: linear gramicidin; skim milk; protease; Bacillus brevis; expression
The gram-positive bacteria of genus Bacillus produce a variety of oligo-peptide antibiotics and lipo-peptides. 1) Among these, Bacillus brevis (Brevibacillus parabrevis) ATCC 8185 synthesizes two kinds of antibiotic peptides, cyclopeptide tyrocidine and linear gramicidin. 1, 2) These antibiotics are produced simultaneously and accumulate in cells. 3) Linear gramicidin forms transmembrane channels in a dimer structure in lipid bilayers. 4, 5) These channels have selectivity for monovalent cations, and the effect of this is dissipated H þ and K þ gradients. 6) Hence linear gramicidin has been used to study the potential role of the plasma membrane. 7) Linear gramicidin is produced via a non-ribosomal process, like tyrocidine and gramicidin S.
2) It is a terminally blocked pentadecapeptide with alternating L-and D-amino acids, having the following structure:
8) Synthesis of linear gramicidin starts with a formylated amino terminal. The initial formyl action of the thioester-attached valine takes place on the first multienzyme. [9] [10] [11] The carboxy-terminal is modified by ethanolamine. 12) In early studies of linear gramicidin, Pschorn et al., showed induction of sporulation by tyrocidine and linear gramicidin on Bacillus, 13) and Ristow et al. reported that the production level of linear gramicidin was affected by the nitrogen concentration in the culture medium.
3) But the induction factor of the oligopeptide is unclear in these reports. Although it has been reported that extracellular protease contributes to the induction of linear gramicidin, 14) the role of the protease remains to be elucidated.
In 1966, Fujikawa et al. reported a method for efficiently producing tyrocidine. 15) This method was used to produce linear gramicidin, but was troublesome because four kinds of media are needed from the plating to the main growth stage. 12, 15, 16) Although this method is very complicated, no one has attempted study of the growth media to optimize the synthesis, or of the factors contributing to the induction of linear gramicidin. Research on an inducer or induced mechanism of the peptide would contribute to the establishment of a mass production system, for many applications in medicine, agriculture, and biochemical research.
Here we report a method of growing B. brevis ATCC 8185 to synthesize linear gramicidin that is simpler and more efficient than the standard method proposed by Fujikawa et al. 15) Furthermore, we suggest that linear gramicidin is induced by a protease-digested product from a casein polypeptide.
Materials and Methods
Bacterial strain and media. Bacillus brevis ATCC 8185 was used in this study. This bacterium was grown on a nutrient agar plate (0.8% nutrient broth, Difco, 1.5% agar, pH 6.8), and stored at 4 C until used. The strain stored at 4 C was grown on a nutrient agar plate or skim milk agar plate (2% skim milk, Difco, 0.2% polypeptone, Nippon Seiyaku, 0.2% NaCl, 0.02% MgSO 4 5H 2 O, 0.15 mM CaCl 2 , pH 6.8), or a medium containing only skim milk (1% skim milk medium) was used as the pre-cultivation medium, and each medium was incubated for 15 to 24 h at 37 C on a rotary shaker (120 rpm). The pre-culture medium (3 ml) was inoculated into beef broth (60 ml), 1% skim milk medium (60 ml), 1% casein medium (60 ml), 1% egg albumin medium (1% egg albumin, Wako, pH 6.8), or protease-pretreated 1% skim milk medium, and the inoculated cultures were grown with shaking (120 rpm) for 10 to 24 h at 37 C. The 1% casein medium was prepared by solubilizing casein powder (Wako) in 0.1 M NaOH at 60 C and then adjusting to pH 6.8 with acetic acid.
To prepare a protease-pretreated 1% skim milk medium, the 1% skim milk medium was boiled for 15 min. A papain protease solution (1.0 mg/ml final concentration) or a crude extract (preparation method described below), containing the extracellular protease from ATCC 8185 with an activity corresponding to that of the 1.0 mg/ml papain solution, was added to the medium and incubated for 24 h at 37 C. By autoclaving the protease-pretreated 1% skim milk medium at 115 C for 15 min, the added protease was inactivated, and this medium was used as the protease-pretreated 1% skim milk medium. The papain solution or the crude extract at an appropriate concentration was filtrated and then added to the media. The papain protease was purchased from Wako.
Preparation of crude extract containing extracellular protease from a culture supernatant of B. brevis ATCC 8185. A supernatant of B. brevis ATCC 8185 culture in 1% skim milk medium (450 ml) was recovered by centrifugation (6;000 Â g, 4 C, 10 min; RA-1500 rotor, Kubota 6900). Ammonium sulfate was added to the resulting supernatant until 80% saturation. After shaking at 0 C for 30 min, a pellet was recovered by centrifugation (15;000 Â g, 4 C, 30 min; RA-1500 rotor, Kubota 6900). The pellet was resuspended with 4 ml of 10 mM Tris-HCl (pH 6.8) and then dialyzed against 10 mM Tris-HCl (pH 6.8) at 4 C. The resulting crude extract containing extracellular protease was stored at 4 C until used.
Measurement of linear gramicidin. The amount of linear gramicidin was measured according to a modification of the procedure of Oyama and Kubota.
14) The growth culture of B. brevis was adjusted to pH 4.0 with 1 M HCl, and the cell pellet was recovered by centrifugation at 6;000 Â g at room temperature for 10 min (RA-1500 rotor, Kubota 6900). The pellet was resuspended with 2 ml of ethanol and then heated at 95 C for 3 min. The cell suspension was centrifuged at 6;000 Â g at room temperature for 10 min, and the resulting supernatant was recovered. Linear gramicidin was purified from the supernatant using a basic alumina (active grade I, ICN) column (0:9 Â 1:5 cm). The alumina column was equilibrated with 2 ml of 85% ethanol. H 2 O (0.15 ml) was added to the supernatant (0.85 ml), and the mixture was applied to the alumina column. Elution from the column was performed by adding 2 ml of 85% ethanol to the column. To the resulting elution (0.5 ml) containing the antibiotic was added the same volume of 2.0% p-dimethylaminobenzaldehyde in 35% HCl, followed by 50 ml of 0.1% NaNO 2 . After incubation for at least 15 min at room temperature, the absorbance (660 nm) was measured. For standardization, commercially available linear gramicidin (Sigma) was used. Linear gramicidin is shown as the amount contained in 1 ml of the growth culture.
Measurement of cell concentration. To measure cell concentration, the number of viable cells was determined by counting the number of colony-forming units (CFU) per ml of culture.
Measurement of protease activity. To determine protease activity in the supernatant of cultures, 1 ml of the supernatant was recovered from the culture by centrifugation at 15,000 rpm for 10 min at 4 C (RT15A2 rotor, Himac CR 15D, Hitachi). A sampling tube containing 100 ml of the supernatant, 100 ml of 1% azocasein (Sigma), and 300 ml of 10 mM Tris-HCl (pH 6.8) was incubated at 37 C for 2 h, and then 400 ml of 10% trichloroacetic acid was added. After incubation at 0 C for 20 min, the tube was centrifuged at 15,000 rpm for 10 min at 4 C. The optimal density of the resulting supernatant at 366 nm was measured.
Results and Discussion

Induction of linear gramicidin
The amount of linear gramicidin, produced by the standard method described by Fujikawa et al., was 3.11 mg/ml 15) (Table 1 ). This was half of the value (6.20 mg/ml for 10 h) previously reported.
14) The yield of linear gramicidin in the growth medium cultivated for 24 h was 4.52 mg/ml (Table 1) . In this experiment, the beef extract (Nakarai) present in the beef broth medium was different from that (Eurlich) used by Oyama and Kubota. 14) Because the contents were different in the two extracts, the value of linear gramicidin production in this study might be inconsistent with the reference value. 14) B. brevis was grown on a nutrient agar plate and then, in beef broth only, the cells were cultivated. The attempt to induce linear gramicidin in the cells resulted in no detection (Fig. 1) . Therefore, the beef broth was not appropriate for induction of the peptide.
Oyama and Kubota reported that the level of linear gramicidin productivity increased on the addition of a supernatant of skim milk medium culture and MnCl 2 to the main beef broth medium. 14) Additionally, a skim milk agar medium and skim milk liquid medium were used for pre-cultivation in the standard method. 15) Hence 1% skim milk liquid medium was used as the induction medium of linear gramicidin. Cells grown on the nutrient agar plate for 2 d were inoculated into the 1% skim milk medium and sub-cultivated for 24 h at 37 C in a rotary shaker. Three ml of this sub-culture was inoculated into 60 ml of fresh 1% skim milk medium and the production level of linear gramicidin was monitored every 2 h. The cells grown for 10 h produced linear gramicidin as well as did those in the standard method (Table 1 ). An increase in the peptide was observed until 16 h, at which time the production of linear gramicidin reached 20.3 mg/ml (Table 1 and Fig. 1 ). When the beef broth was used as pre-cultivated medium instead of the 1% skim milk medium, the production of linear gramicidin in the main medium (1% skim milk medium) reached the same level (19.8 mg/ml) at 24 h. These results indicate that 1% skim milk medium is the most suitable medium for the induction of linear gramicidin, and that the omission of cell growth on the skim milk agar plate in the standard method does not affect linear gramicidin production.
The CFU of the 1% skim milk culture grown for 24 h was about 40% of that of the culture grown for 24 h by the standard method (Table 1 ). This means that the amount of linear gramicidin produced by cells grown in 1% skim milk medium increases twelve-fold compared to that by cells grown by the standard method. These results suggest that an inducer for linear gramicidin production might exist in skim milk medium.
The production of linear gramicidin was at the highest level at 24 h, regardless of the method used, and hence all cultures were cultivated for 24 h the experiments described below.
Contribution of an extracellular protease to the expression of linear gramicidin
Oyama and Kubota reported that the level of linear gramicidin productivity increased on the addition of a protease to the main beef broth medium. 14) To examine whether the cells secreted a protease in the growth medium, cells were grown in 1% skim milk medium and the protease activity in the supernatant of the culture was monitored. The activity appeared in the culture grown for 6 h, and reached a maximum level at 15 h (Fig. 1) . The secretion of the protease was preceded by the expression of linear gramicidin. But when beef broth medium was used for cultivation, protease activity was not detected (Table 2 ). These results suggest that extracellular protease might contribute to the induction of linear gramicidin.
It has been reported that induction of linear gramicidin was observed in beef broth medium on the addition of certain proteases to a final concentration of 100 mg/ ml. 14) To determine whether extracellular protease contributes directly to the expression of linear gramicidin, a crude extract that contained extracellular protease was prepared from the supernatant of the 1% skim milk growth culture by an ammonium sulfate precipitation. *According to the method of Fujikawa et al.
15)
**Linear gramicidin is shown as the amount contained in 1 ml of growth culture. Fig. 1 . Time Course of Linear Gramicidin Production and Extracellular Protease Activity. Linear gramicidin is shown as the amount present in 1 ml of growth culture. The growth conditions were 1% skim milk medium both as pre-medium and main medium (closed circles), of beef broth both as pre-medium and main medium (open circles). Protease activity from the supernatant of the culture is shown as the value of the optical density at 366 nm when using azocasein as a substrate (closed squares). The growth condition was 1% skim milk medium both as pre-medium and main medium.
The crude extract, the activity of which corresponded to the activity of 100 mg/ml papain protease (final concentration, A 366 ¼ 0:767), was applied to beef broth medium, and cells were grown in this medium. But linear gramicidin was not detected from the grown cells, and cells grown in beef broth medium that contained 100 mg/ml of papain protease (final concentration) also did not show linear gramicidin production ( Table 2) . When the extracellular protease with activity, which corresponded to the activity in the supernatant from the 1% skim milk culture grown for 12 h (final concentration, A 366 ¼ 1:06), was added to the beef broth, no production of linear gramicidin was observed (data not shown). Since a substrate necessary for inducing linear gramicidin production does not exist in beef broth medium, the addition of extracellular protease to beef broth medium might not have any effect on the induction of linear gramicidin production.
Importance of casein polypeptide in the expression of linear gramicidin
It has been reported that increased formation of Lornithine by arginase accelerated the production of gramicidin S. 17) To investigate whether an amino acid that forms casein in skim milk is an important factor in linear gramicidin induction, skim milk was pretreated with a crude extract containing extracellular protease. The cells were cultivated with extracellular proteasepretreated 1% skim milk medium, and then the cell extract was obtained by boiling with ethanol. As for the result, the peptide contained in the cell extract decreased drastically (Table 3) . When papain protease was added to 1% skim milk medium for pretreatment, to substitute for extracellular protease, the cells grown in the papainpretreated 1% skim milk medium did not produce linear gramicidin. There is a possibility that the casein was digested in amino acids and short peptides, such as dipeptide or tripeptide, by the proteases, and that these amino acids and short peptides did not have any effect on linear gramicidin expression (Table 3 ). These results suggest that a protease-digested oligopeptide from casein is an important factor in the induction of linear gramicidin. But the extracellular protease induced by casein may activate an inducer for the peptide, because extracellular protease activity was not detected in the supernatant from this protease-pretreated culture (Table 3) .
B. brevis ATCC 8185 was cultivated in 1% egg albmin medium for 24 h at 37 C. Then the protease activity in the supernatant of the culture and the level of linear gramicidin produced were investigated. Protease activity was detected, and its level was higher than that in the supernatant of the 1% skim milk culture, but the level of linear gramicidin produced was 1/13-fold lower than that of the 1% skim milk culture (Table 4 ). These results suggest that an oligopeptide from a protein involved in skim milk is important in the induction of linear gramicidin.
To investigate the effect of casein peptide, B. brevis was cultivated in 1% casein medium for 24 h at 37 C. The supernatant from the 1% casein culture had little protease activity, but linear gramicidin was detected at significant levels from the cells grown in 1% casein medium ( Table 4 ). The casein was treated with sodium hydrate to make it soluble in water. Therefore, B. brevis might be able to incorporate the casein peptide partially digested by sodium hydrate, even if the cells do not secrete extracellular protease. However, there is a possibility that the casein solubilized by sodium hydrate was different from the products digested by extracellular protease. Therefore, B. brevis might not be able to produce linear gramicidin in 1% casein medium as effectively as in 1% skim milk medium.
Although extracellular protease activity was detected at significant levels in the 1% egg albumin medium, the production level of linear gramicidin was lower than that Beef broth Crude extract** 0:43 AE 0:12 2:68 Â 10 9 *Papain was adjusted to a 100 mg/ml final concentration. **The crude extract contained extracellular protease with activity that corresponded to that of 100 mg/ml papain protease. ***Linear gramicidin is shown as the amount contained in 1 ml of growth culture. Crude extract** 0:043 AE 0:002 1:14 AE 0:07 5:64 Â 10 8 *Papain was adjusted to a 100 mg/ml final concentration. **The crude extract contained extracellular protease with activity that corresponded to that of 100 mg/ml papain protease. ***Linear gramicidin is shown as the amount contained in 1 ml of growth culture. 18) Although a gene regulatory region for synthetic antibiotic has yet to be identified, the product obtained by protease from casein might contribute to analysis of gene expression.
